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ABSTRACT
High spectral resolution transmission spectroscopy is a powerful tool to characterize
exoplanet atmospheres. Especially for hot Jupiters, this technique is highly relevant,
due to their high altitude absorption e.g. from resonant sodium (Na i) and potassium
(K i) lines. We resolve the atmospheric K i-absorption on HD189733b with the aim
to compare the resolved K i-line and previously obtained high resolution Na i-D-line
observations with synthetic transmission spectra. The line profiles suggest atmospheric
processes leading to a line broadening of the order of ∼10 km/s for the Na i-D-lines, and
only a few km/s for the K i-line. The investigation hints that either the atmosphere
of HD189733b lacks a significant amount of K i or the alkali lines probe different
atmospheric regions with different temperature, which could explain the differences
we see in the resolved absorption lines.
Key words: exoplanet atmosphere –transmission spectroscopy –synthetic transmis-
sion spectra
1 INTRODUCTION
The characterization of exoplanets and especially their at-
mospheres increases our understanding of planetary forma-
tion and evolution. One possibility to characterize exoplan-
ets is transmission spectroscopy, thus inferring the finger-
prints of planetary atmospheres (Seager & Sasselov 2000),
as a part of the starlight is absorbed or scattered by atmo-
spheric constituents during transit.
Using high-resolution spectroscopy (Snellen et al. 2010;
Cauley et al. 2019; Yan et al. 2019) one can reveal informa-
tion about sharp line absorption at high altitudes. These ab-
sorptions are investigated usually using either the so called
”excess absorption method”, where the flux of the spectral
range of interest is integrated within a bandwidth and di-
vided by the flux within a reference band (Charbonneau
et al. 2002) or the ”division method”, where the observa-
tions during the transit are divided by the mean of the out-
of- transit observations (Wyttenbach et al. 2015), showing
the spectrally resolved planetary absorption. The informa-
tion inferred from the spectral lines can be used to determine
different properties from the probed atmospheric region e.g.
the temperature profile (Wyttenbach et al. 2015), number
densities (Huang et al. 2017), escape (Fossati et al. 2018),
aerosols (Pino et al. 2018a,b) or the pressure level (Gibson
et al. 2020; Turner et al. 2020). Absorption lines of interest
are the alkali lines Na i and the K i with their strong absorp-
tion cross-sections (Lavvas et al. 2014), where the exoplanet
HD189733b is one of the first exoplanets where atmospheric
Na absorption was found (Redfield et al. 2008).
© 2020 The Authors
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The exoplanet HD189733b has an apparent radius of
1.151 × RJup and an orbital period of 2.21 days. It or-
bits an active K-dwarf star with an apparent magnitude
of V = 7.7 mag and a radius of 0.752 × RSun. The first
Na i detection in the atmosphere of HD189733b was pre-
sented by Redfield et al. (2008) using the High Resolu-
tion Spectrograph (HRS) instrument attached to the 9.2
m Hobby-Eberly-Telescope. A Na i excess absorption of
0.0672 ± 0.0207 % was found, as well as a blue-shift in the
planetary absorption signal within the transmission spec-
trum. The authors speculated that this was caused by high-
speed winds flowing from the hot dayside to the cooler night-
side of HD189733b. This result was confirmed by Wytten-
bach et al. (2015) and Casasayas-Barris et al. (2017) us-
ing the ESO 3.6 m telescope and the High Accuracy Ra-
dial velocity Planet Searcher (HARPS) spectrograph as well
as Khalafinejad et al. (2017) using the Ultraviolet and Vi-
sual Echelle Spectrograph (UVES) instrument attached to
the Very Large Telescope (VLT). Several investigations at-
tempted to detect K on HD189733b. For instance, Jensen
et al. (2011) used the Hobby-Eberly-telescope, but without
success. A tentative 2.5-σ detection of K i in the atmosphere
of HD189733b is shown by Pont et al. (2013) where the Ad-
vanced Camera for Surveys (ACS) instrument on-board of
the Hubble Space Telescope (HST) was used for their ob-
servations. Recently, Keles et al. (2019) detected K i with
an excess level of 0.184 ± 0.022 % on HD189733b using the
Large Binocular Telescope (LBT) and the Potsdam Echelle
Polarimetric and Spectroscopic Instrument (PEPSI).
A particular emphasis is given to wind properties within
the atmosphere of HD189733b, which are investigated in
different high-resolution transit observations e.g. Louden &
Wheatley (2015), Brogi et al. (2016), Salz et al. (2018) or
Seidel et al. (2020). Winds on giant exoplanets can vary, e.g.
being equatorial jets that originate from the lower parts of
an atmosphere (around 1 bar) and stream into the direc-
tion of the planet’s rotation, day-to-night-side winds which
arise at higher altitudes (around 1 mbar) or atmospheric
super-rotation (Brogi et al. 2016). These winds can vary
from planet to planet, as different effects have an influence
on their atmospheric properties e.g. a planetary magnetic
field or synchronization between the atmosphere and planet
interior (Brogi et al. 2016). In the case of day-to night-side
winds, the line cores of resolved absorption lines show a blue-
shift as the wind pushes the atmosphere into the observer’s
line of sight during transit. In the other cases, the absorp-
tions arising from different positions on the observable an-
nulus are velocity shifted regarding the projected distance
to the rotation axis (largest shift on the greatest projected
distance and lowest at the region where the atmosphere be-
comes opaque). On the trailing and leading limbs the shift is
of opposite direction (Louden & Wheatley 2015). The result-
ing observed final absorption line is the sum of each of these
intrinsic shifted absorptions, which results in a broadened
and shallower absorption line compared to an absorption
line from a stagnant atmosphere. The aforementioned stud-
ies show a tentative consensus for the existence of an east-
ward equatorial jet in the atmosphere of HD189733b, which
is consistent with modeling approaches (see Showman et al.
(2013) and the references therein).
In this work, we spectrally resolve the atmospheric K i
line on HD189733b from the observation presented by Keles
et al. (2019) and compare the line shape to the resolved Na i-
D-lines presented by Casasayas-Barris et al. (2017). The al-
kali atoms Na and K are known to have very similar conden-
sation curves as well as similar ionization potentials (Lavvas
et al. 2014), leading to very similar shaped mixing ratio pro-
files (Lavvas & Koskinen 2017). As the observations suggest
a strong broadening of the Na i-D-lines, also recently shown
by Seidel et al. (2020) and Gebek & Oza (2020), we inves-
tigate the line widths by comparing them to synthetic line
profiles. We discuss the difference in the broadening of the al-
kali lines and their possible trigger, such as winds. The com-
parison between the alkali lines enables us to discuss either
a scenario where the alkali lines probe the same atmospheric
region which would hint on a super-solar planetary Na/K-
ratio or a scenario where both features trace significantly
different atmospheric regions with different temperature.
This paper is structured as follows. Section 2 shows the
observational data and Section 3 the models used. The meth-
ods and results are presented in Section 4, where we resolve
the K i-absorption and compare both alkali lines with syn-
thetic transmission spectra. In Section 5, we compare the
alkali lines with each other and discuss the results. Section 6
presents the summary and conclusion.
2 OBSERVATIONAL DATA
2.1 The K i Observation
A transit of HD189733b was observed at the LBT with
PEPSI, which is a white–pupil fiber–fed spectrograph
(Strassmeier et al. 2015, 2018a,b). The observation covered
the wavelength range 7340 - 9070 A˚ at a 4-pixel spectral res-
olution of 130 000. During the observation, 15 out-of-transit
and 9 in-transit spectra were observed at an exposure time
of 10 min. The telluric and blaze correction, as well as the
image processing steps, are described in detail in Keles et al.
(2019) (hereafter KEL19). The authors found a significant
K i excess absorption for bandwidths between 0.8 - 8.0 A˚
around the K i-line at 7698.98 A˚ in their observation. We use
the processed and telluric corrected dataset from KEL19 and
spline them to the wavelength grid with a spacing of 0.01 A˚
to resolve the planetary K i-line at 7698.98 A˚. The second
resonant K i-line at 7664.92 A˚ is contaminated by strong tel-
luric oxygen lines and is not investigated.
2.2 Na i detection by Casasayas-Barris et al.
(2017)
Casasayas-Barris et al. (2017) (hereafter CSB17) presented
three transit observations of HD189733b acquired with the
HARPS instrument (Mayor et al. 2003) with a resolution
of ∼115 000 on the ESO 3.6 m telescope (La Silla Observa-
tory). They comprised of 99 spectra (46 being in-transit and
53 being out-of-transit) at exposure times of 5 min and 10
min. The authors find a significant Na i absorption resolved
around both Na i-D-lines at 5889.906 A˚ and 5895.879 A˚. Al-
though the detection of the Na i-D-lines using the same data
set is made first by Wyttenbach et al. (2015), we will com-
pare the resolved K i-line profile with the findings by CSB17,
as the authors considered the effect of center-to limb-(CLV)
variation (see e.g. Czesla et al. 2015; Yan et al. 2017) and the
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Rossiter-McLaughlin (RM) -effect (Rossiter 1924; McLaugh-
lin 1924) in their investigation. For this, we use the unbinned
resolved Na i-D-line profiles from CSB17 presented in their
Figure 7 (top panel).
3 MODELS
3.1 The residual RM-feature
Due to the stellar rotation, the stellar lines become shifted in
wavelength according to their position on the stellar surface,
whereby the line-shifts decrease towards the stellar center.
During the transit, in case of HD189733, the planetary body
blocks blue-shifted light during the first part of the transit
and red-shifted light during the second part of the transit
hence introduces a line deformation and shift to the observed
mean stellar line. This effect introduces a residual feature
after dividing the in-transit spectra by the master out-of-
transit spectrum, which we denote here as the ”residual RM-
feature”.
The shape of the residual RM-feature in the transmis-
sion spectra depends strongly on the line-properties of the
investigated stellar line, the star-planet geometrical proper-
ties and the stellar properties e.g. stellar rotation velocity
and obliquity. This side effect introduced by the RM-effect
is addressed in different investigations in the literature e.g.
Louden & Wheatley (2015), Brogi et al. (2016), Chen et al.
(2020) and especially in the recent work by Casasayas-Barris
et al. (2020), showing the non-detection of Na i in the atmo-
sphere of HD209458b and the importance to consider the
RM-effect.
We model the residual RM-effect using a grid model,
where we map the stellar surface by a grid of 100 x 100 pix-
els containing limb angle dependent fluxes, thus considering
also the CLV-effect (for further information on the stellar
spectra we refer to section 3.3 in KEL19). To account for
the stellar rotation, each spectrum is shifted according to
the differential velocity on the stellar surface. During the
transit, the planetary surface (mapped by 70 x 70 pixels)
blocks different regions of the stellar surface, leading to the
afore-mentioned effect.
3.2 The rotational broadening model
We model the rotational broadening of the synthetic trans-
mission lines using a grid model, where we map the plan-
etary surface by a grid of 100 x 100 pixels containing the
synthetic lines. To account for the rotational broadening,
each spectrum is shifted according to the differential veloc-
ity on the planetary surface. The planetary surface consists
of the planetary body (at 1 × Rp) and the probed atmo-
spheric ring, where the absorption lines originate. To com-
pute the broadened absorption line profile, we sum over all
pixels on the atmospheric ring. We define the border of the
atmospheric ring at 1.285 × Rp for the Na i-D2-line absorp-
tion, at 1.200 × Rp for the Na i-D1-line absorption and at
1.136 × Rp for the K i-line absorption inferred according to
the line contrasts of the non-broadened line profiles derived
in this work (see Section 5). Note, that these boundaries
are first order approximations. However, the choice of the
boundary has a small effect on the outcome, as the line
broadening is determined mainly by the rotational veloc-
ity.
We validated our model by comparing it to the 1 PyAstron-
omy tool pyasl.fastRotBroad, which introduces rotational
broadening according to (Gray & Corbally 1994) (i.e. for
a stellar surface). We introduced different broadening values
to synthetic line profiles, which show no significant devia-
tions from each other for both models.
3.3 The Synthetic Transmission spectra
We will compare the alkali lines with line profiles from syn-
thetic transmission spectra. The theoretical transmission
spectra are calculated for different atmospheric tempera-
tures and volume mixing ratios. The temperature is var-
ied between 2000 - 6000 K in steps of 200 K. The volume
mixing ratio for potassium is varied in the range around
∼ 10-9 -10-5 and the sodium volume mixing ratio in the
range of ∼ 10-7 - 10-3 around the solar composition values,
which are ∼10-6 for Na and ∼10-7 for K (Pino et al. 2018a).
The atmosphere of HD189733b is well known for showing a
scattering slope in the visible wavelength region that is far
larger than predicted by molecular Rayleigh scattering alone
(e.g. Pont et al. 2013). A well-accepted explanation for this
effect is the occurrence of small aerosol particles in the upper
atmosphere that contribute to the scattering optical depth
in this wavelength range. We follow the work of Pino et al.
(2018a) (see their equation (10)) and include this aerosol
scattering via analytic approximations, which are based on
the HST spectra of HD189733b. The transmission spectra
are calculated with a reference pressure of 10 bar located
at the measured white-light radius of HD189733b. Further
details on the computation is provided in Appendix A.
All synthetic spectra were calculated with a spacing of
0.01A˚ similar to the spacing of the observational data and
convolved with the instrumental resolution using the PyAs-
tronomy tool PyAstronomy.pyasl.instrBroadGaussFast. As
the synthetic transmission spectra mirror the wavelength de-
pendent radius (Rp) of HD189733b, we convert them via
1 -(Rp/R*)
2, equivalent to the observational line profiles
and normalize them with a second order polynomial fit to
the continuum from 5000A˚ - 10000A˚.
4 METHOD AND RESULTS
4.1 Re-investigating the K i-absorption on
HD189733b
We aim to spectrally resolve the planetary K i-line and com-
pare its line shape to the Na i-D-lines presented in CSB17.
Many processes can affect high-resolution transit spectra
and need to be considered e.g. telluric lines (see e.g. Allart
et al. (2017)), the center-to-limb variation (see e.g. Czesla
et al. (2015),Yan et al. (2017)), the Rossiter-McLaughlin ef-
fect (see e.g. Cameron et al. (2010), Cegla et al. (2016),
Dravins et al. (2018), Bourrier et al. (2018)) or stellar activ-
ity (see e.g. Cauley et al. (2018)). To separate the planetary
K i-absorption from the stellar line profile, one needs to de-
rive the transmission spectrum by dividing the in-transit
1 https://github.com/sczesla/PyAstronomy
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Figure 1. Excess absorption around a 0.5 A˚ bandwidth centered
around the K i-line at 7699 A˚ (first panel), the Ca ii- line at 8662
A˚ (second panel) and the control Cr i-line at 7462 A˚ (third panel).
spectra (the observations acquired during the transit) by
a master out-of-transit spectrum (the mean spectrum of
the observations acquired before and after the transit). We
derive the master out-of-transit spectrum using 14 out-of-
transit spectra, neglecting ingress and egress observations.
The planetary motion introduces a Doppler shift to the
wavelength position of the planetary absorption lines. Due
to this, each transmission spectrum is shifted back to the
planetary rest frame and the transmission spectra co-added,
demonstrating the planetary absorption. The left panel in
Figure 2 shows the transmission spectra subtracted by unity
(orbital phase vs. velocity shift). There is an emission-like
feature increasing with planetary orbital phase, which is con-
tinuing also in the out-of-transit observations (visible be-
yond the green dashed lines which mark the 1st and 4rd
contact). This is mentioned also by KEL19 and was related
to stellar activity.
In order to investigate spurious stellar activity during
the transit, Figure 1 shows the excess absorption around
the K i-line at 7699 A˚ (top), the Ca ii-line at 8662 A˚ (second
panel) and the control Cr i-line at 7462 A˚ (third panel). The
excess absorption derived here is the flux integrated around
the line cores within a bandwidth of 0.5 A˚ and normalized
using a linear fit to the out-of-transit values. To show the rel-
ative flux change, the values are divided again by the value
of the first observation. As mentioned by KEL19, we see
a slope in the top two excess curves which can be well de-
scribed by a linear fit. The Ca ii-IR triplet lines are known to
show variations due to stellar chromospheric activity. Klo-
cova´ et al. (2017) investigated a flare during one transit of
HD189733b determining a change in flux of the Ca ii- line
at 8498 A˚ of around 2-3 % (see their Figure 6). Comparing
this to Figure 1, we see a decrease in flux of around 2 % in
the Ca ii- line, showing a possible correlation with the ac-
tivity. We show this correlation also for the weaker control
Cr i-line, which is less affected than the strong K i-line.
To account for the emission feature and the residual
RM-feature (see Section 3.1) in the transmission spectra
shown in the left panel of Figure 2, we fit the emission line
with a Gaussian profile using the Pyastronomy tool funcfit
and combine it with the residual RM-feature model (middle
panel in Figure 2). Due to the low rotation velocity of 3.3
km/s of the host star HD189733, the residual RM-feature
does not move much and overlaps with the emission feature
in the line core region. As the transit duration of around
∼109 min is quite short, there are only five transmission
spectra available after neglecting the ingress and egress spec-
tra, where the planetary absorption moves around ± 8 km/s
corresponding to ± 0.21 A˚.
The transmission spectra are subsequently corrected for
the resulting model by division (right panel in Figure 2),
showing the velocity shifted planetary absorption at differ-
ent orbital phases. To derive the final planetary transmission
spectrum, we shift the in-transit transmission spectra cor-
rected by the model to the planetary rest frame and co-add
them. The final transmission spectrum is shown in Figure 3.
Applying a Gaussian fit (black solid line), we determine the
FWHM = 0.24 ± 0.03 A˚ and the LC = 0.46 ± 0.04 %. The
residual spectrum is shown with an offset (orange solid line),
showing no correlated noise. We expect the line center at
7698.965 A˚ (as we removed the systemic velocity of -2.277
km/s). The line center is at 7698.966 ± 0.01 A˚ and shows no
significant wavelength shift.
To verify our result, we calculate the K i excess absorp-
tion from the final transmission spectrum and compare it
with the results of KEL19 for different integration band-
widths. For this, we integrate the final Fin/Fout spectrum
around the line core and normalize it by the number of inte-
grated points. The excess absorption agree within their error
bars up to 4.0 A˚ bandwidths and remain within 3-error bars
for larger bandwidths. The deviations at larger bandwidths
may arise due to the different techniques used to derive the
excess absorption level (Casasayas-Barris et al. 2020).
4.2 Comparison of the synthetic- and
observational K i-line profile
To investigate the K i-line shape, we compare the resolved
K i-line with the line profiles from the synthetic transmission
spectra. For this purpose, we calculate the reduced χ2-value
±0.24 A˚ around the K i-line core corresponding to ∼2 × the
FWHM (in total 48 spectrally resolved data points). Before
the reduced χ2- value calculation, we introduce rotational
broadening to the synthetic line profiles according to Sec-
tion 3.2 to account for line broadening. We increase this in
steps of 0.1 km/s and calculate the reduced χ2-value re-
peatedly until we reach a reduced χ2-minimum between the
observational and synthetic line profiles. We do this exercise
for each synthetic temperature-abundance spectrum sepa-
rately.
Here, we emphasize that high resolution observations are in-
sensitive to the atmospheric continuum and can only mea-
sure the contrast of an absorbing feature i.e. the difference
between the line core and the continuum. This contrast does
not change increasing (or decreasing) the abundance of a
species, as the feature originates higher up (or lower down) in
the atmosphere not changing its contrast (Pino et al. 2018a).
In this work, the continuum (and thus the contrast) is set
by the haze layer. Therefore, increasing the temperature or
abundance shifts the absorption line higher up in the atmo-
sphere which arises more and more above the haze layer and
mimics an increase in absorption for higher temperature and
abundance.
The comparison map between the synthetic and ob-
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Figure 2. Transmission spectra around the K i-line at 7698.98 A˚ (orbital phase vs. velocity shift). Left panel: The observations divided
by the Master out spectrum and subtracted by unity (red). Middle panel: The residual RM-model and the fit to the emission line induced
by stellar activity. Right: The residual spectrum (left panel divided by the middle panel) showing the K i absorption (dark region). Green
dashed lines mark the 1st and 4rd contact and the yellow lines the 2nd and 3rd contact.
Figure 3. Transmission spectrum around the K i-line at 7699 A˚
in [%] subtracted from unity. The black solid line shows the Gaus-
sian fit. The dashed lines show the expected planetary absorption
from the synthetic spectra without any broadening (red) and with
the best-matching broadening solution of 3.8 km/s (green). The
residual spectrum is shifted for clarity.
served K i line profile is shown in Figure 4. Each pixel cor-
responds to one synthetic transmission spectrum and ob-
servation comparison. The color bar shows the reduced χ2-
minimum value relative to the best value. The character-
istic shape of the color map highlights the degeneracy be-
tween the temperature and the K abundance. Increasing the
temperature, the scale height increases as well and shifts
the absorption to higher altitudes. Similarly, higher abun-
dances lead to a stronger absorption signature above the
haze layer which reaches higher altitudes. Thus, an absorp-
tion feature induced by an increased temperature can not
be distinguished apriori by an absorption feature induced by
higher abundance if the continuum is determined by a haze
layer. The same scenario is valid for decreasing the temper-
ature or abundance where the absorption is shifted to lower
altitudes. Thus, increasing the temperature, synthetic spec-
tra with lower abundances match the observations and show
a lower reduced χ2- value (and vice versa). Note, that this
effect is completely degenerate with the location of the haze
layer and reference pressure level. Thus, the characteristic
shape will shift linearly changing these parameters, denying
the determination of the ”real” absolute abundance - tem-
perature values.
However, from this grid of different temperature-
abundance spectra, we are able to derive the mean synthetic
K i-line profile. For this, we determine the best matching line
profile at each temperature grid on the characteristic shape
(i.e. the red stripe) and calculate the mean line profile by
averaging those. The mean synthetic line profile is shown in
Figure 3 with a green dashed line, while the mean synthetic
K i-line profile prior to the broadening process is presented
in a red dashed line. A rotational broadening of ∼3.8 km/s
is needed further to the accounted line broadening mecha-
nisms such as instrumental resolution and atmospheric prop-
erties (for instance temperature and pressure broadening) to
match the observational line profile (excluding the planetary
rotation).
MNRAS 000, 1–12 (2020)
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Figure 4. Shown is the abundance-temperature degeneracy for
K i-line. log K denotes the logarithmic volume mixing ratio of K.
Reduced χ2 values (color marked) relative to the best value com-
pare the observational K i-line with various synthetic line profiles.
Each pixel corresponds to one comparison.
4.3 Comparison of the synthetic- and
observational Na i-D-lines
We want to compare the resolved Na i-D-lines in CSB17 (see
Section 2.2) with the Na i-D- absorption lines produced from
the synthetic transmission spectra (in the same way as done
in Section 4.2 for the K i-line). We compare the synthetic
and observed absorption lines ±0.62 A˚ around the Na i-D-
line cores corresponding to ∼2 × the FWHM (in total 124
spectrally resolved data points for each Na i-D-line).
Figure 5 shows the resulting comparison map for the
Na i-D-lines (top). Similar to the K i investigation, one can
see the degeneracy for the different temperature-abundance
combinations due to the haze layer. The middle panel of
Figure 5 shows the corresponding velocity broadening map,
where the color bar indicates the introduced rotational
broadening in km/s (the scales are adapted for best visi-
bility). The maps show, that the synthetic lines of inter-
est need to be broadened around ∼8-12 km/s to match the
observation for both Na i-D-lines. We derive the mean syn-
thetic Na i-D-line profiles in the same way as done for the
mean synthetic K i-line profile. The bottom panel of Fig-
ure 5 shows the resolved line profiles from CSB17 (unbinned
= grey solid; binned by 10 pixels for clarity = red dots) and
the derived mean synthetic Na i-D-line profiles (dashed black
line). The emission-peak in the line center arises due to the
fact, that only broadened lines from the atmospheric ring are
contributing to the final line profile, neglecting the blocked
velocity shifted absorption profiles from the planetary body.
For small velocities, this peak vanishes, but becomes sig-
nificant for larger ones. The mean synthetic broadened line
profiles match well with the observations. We also show the
mean synthetic line profiles before broadening (dashed blue).
5 DISCUSSION
We discuss the different possibilities, which could be the
reason for the large difference in the line widths (around a
factor of 2) for both alkali lines shown in the top panel of Fig-
ure 6, where we show the derived mean synthetic line profiles
from this work. The comparison of the resolved Na i-D-line
profiles from CSB17 with the synthetically derived ones sug-
gests that the Na i-D-lines need to be broadened by veloci-
ties in the order of ∼10 km/s, regardless of the atmospheric
temperature for the best matching synthetic line profiles, as
shown in the middle panel of Figure 5. Applying a Gaus-
sian fit, the line profiles show a FWHM of ∼22.9 km/s for
the Na i-D2-line and ∼18.8 km/s for the Na i-D1-line. Com-
paring the resolved K i-line profile (which has an FWHM of
∼9.4 km/s) with the synthetically derived mean line profile,
only a broadening of around 3.8 km/s is needed, which is
2-3 times less compared to that we see for the Na i-D-lines.
The resolved Na i and K i lines were obtained with different
spectrographs (HARPS and PEPSI). Both instruments are
high resolution fiber-fed spectrographs which are pressure
and temperature controlled and observed the alkali lines at
similar resolution. The difference in line widths seems to be
too large to be explained by potential systematic effects aris-
ing from the usage of different instruments. In both cases,
one would expect a line broadening of around 2.7 km/s due
to the planetary rotation (further to the temperature and
pressure broadening introduced into the synthetic line pro-
files). Taking into account that the alkali lines absorb at
higher altitudes around 1-1.3 RP, this would increase the
broadening around a few hundred m/s only. Furthermore,
as the planet moves during the transit, the planetary ab-
sorption arises at different wavelength positions due to the
Doppler-shift. At large exposure times, this introduce also a
broadening to the observed line profiles regarding the orbital
phase. For a 10 min exposure time, this is on the order of
a few km/s (at the ingress and egress phase) and decrease
down to a few hundred m/s at the mid-transit phase. The
line broadening of the resolved K i-line can be explained by
the orbital motion and the fixed exposure time.
Different atomic lines are found and resolved in other
hot-and ultra-hot Jupiter type planets showing different
line widths e.g. on WASP-49 (Wyttenbach et al. 2017),
on Wasp-76 (Seidel et al. 2019), on Wasp-33b (Yan et al.
2019), on KELT-9b (Yan & Henning 2018; Yan et al. 2019;
Hoeijmakers et al. 2019; Cauley et al. 2019; Turner et al.
2020). To the best of our knowledge, so far only Chen et al.
(2020) detected another resolved K i-line for the exoplanet
WASP-52b observed with the high resolution spectrograph
ESPRESSO (Echelle SPectrograph for Rocky Exoplanets
and Stable Spectroscopic Observations) at the VLT. The
authors show the detection of the the Na i-D-lines with a
FWHM(Na i-D2) = 21.6 ± 1.8 km/s and FWHM(Na i-D1)
= 11.5 ± 1.6 km/s and the K i-D1- line with a FWHM( K i-
D1) = 13.7 ± 3.3 km/s. Even if the FWHM of the Na i-
D-lines show a strong deviation to each other, their mean
FWHM is comparable with the FWHM of the K i-D1-line,
opposite to that we see comparing the K i-line with the much
broader Na i-lines in our investigation. Large line widths do
not have to be necessarily attributed to being broadened by
e.g. winds, as also other factors determine the line broad-
ening such as pressure- and temperature-broadening or the
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Figure 5. Top panel: Abundance-temperature degeneracy for Na i-D-lines, where log NaD2 and log NaD1 are the logarithmic volume
mixing ratios. Reduced χ2 values relative to the best value (color marked) compare the observational Na i-D-profiles with various synthetic
spectra, whereby each pixel corresponds to one spectrum comparison. Middle panel: The introduced broadening to the synthetic spectra
is shown. The color bar indicates the broadening value in km/s. Bottom panel: The line contrast over line center distance in units of
velocity is shown for theNa i-D2-line (left) and Na i-D1-line (right). The synthetic mean line profile with (dashed black) and without
(dashed blue) introduced broadening. Red dots show the resolved planetary Na i-D-lines from Casasayas-Barris et al. (2017) (binned by
10 pixels) and grey show their unbinned data.
cross-section of the absorbing species. However, if the ob-
served line broadening can not be explained by only account-
ing for these mechanisms, broadening by planetary winds
can be considered as the trigger for the enhanced broaden-
ing.
An explanation for the strong broadening of the Na i-D-
lines is shown by Seidel et al. (2020). The authors show that
super-rotational winds, day-to night-side winds or vertical
wind patterns can introduce strong broadening to the Na i-
D-lines in the upper atmosphere of HD189733b. The authors
propose a possible scenario, where a planetary magnetic field
in the order of 50G propels Na+-ions via the Lorenz force
from a super-rotational jet in the lower atmosphere up to
the upper atmosphere, which recombines there to neutral
Na at the same speed.
Another explanation for the large broadening may be
turbulences in the planetary atmosphere. In contrast to the
introduced rotational broadening, turbulences would lead to
a line broadening by an intrinsic change of the Doppler-
width which can be described by:
σD =
ν0
c
√
kBT
m
+ v2t , (1)
The bottom panel in Figure 6 shows the effect of turbulent
velocities vt on the Na i-D-lines and the K i line modelled for
solar Na and K abundance value (at a isothermal tempera-
ture of 2000K, 4000K and 6000K for vt of 1 km/s, 10 km/s
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Figure 6. Top panel: Comparison of the mean synthetic Na i-D-lines and the K i-line from this work. Dashed lines show line profiles
before and solid lines after introduced rotational broadening. Bottom panel: Na i-D-lines and K i-line modelled for isothermal temperature
and solar abundance value at 2000K (blue), 4000K (red) and 6000K (yellow) for turbulence velocities of vt of 1 km/s (solid), 10 km/s
(dashed) and 20 km/s (dotted). The x-axis shows the distance to the line center in km/s.
and 20 km/s). Introducing rotational broadening, the cor-
responding equivalent width of the absorption lines remain
conserved, thus deeper lines become broader but shallower.
On the other hand, regarding turbulences, this is not the
case and the equivalent widths are not conserved. High tur-
bulent velocities flatten the line profiles in the line core re-
gion and introduce a characteristic shape, especially at lower
temperatures. But also in the case of turbulences, one would
expect similar broadening effects for both alkali lines if the
turbulences are not variable. Note, that a mix of rotational
broadening and turbulences may be possible. In this case,
the observed line widths would be affected by the degener-
acy between rotational broadening, temperature and turbu-
lences, making the investigation even more complex.
In two recent works, Seidel et al. (2020) and Gebek &
Oza (2020) investigate also the broadened Na i-D-lines on
HD189733b increasing the Doppler-width of the lines. Both
authors derive velocities even larger than presented in this
study for the Na i-D-lines. However, a direct comparison of
the wind velocities is not possible as the winds are intro-
duced in a different way (Doppler width broadening vs. ro-
tational broadening). Changing the Doppler-width (i.e. us-
ing Equation 1), the absorption profile changes as a result
of the different velocity distribution of the absorbing Na-
atoms, where vt can be also denoted as the microturbulence.
On the other way, in case of rotational broadening, the Na
atoms in each atmospheric column (in the line of sight) move
as a unit and produce an absorption profile which is velocity
shifted with respect to the distance to the rotational axis.
The final absorption profile is then the sum of all velocity
shifted line profiles on the atmospheric ring. However, the
results are similar in a qualitative way, stating that the Na i-
D-lines may experience strong broadening on HD189733b.
However, we emphasize if the broadening of the lines
arises from winds or turbulences in the order ∼10 km/s and
higher, this would hint on wind velocities larger than the
sound speed. But as the atmospheric region where the Na i
and K i lines form is below the exobase and thus collision-
ally dominated, supersonic winds are not possible. There-
fore, the inferred velocities should be considered cautiously
and rather qualitatively hinting on some broadening mech-
anisms in the upper atmosphere than quantitatively.
In general, both alkali features were expected to show
very similar mixing ratio profiles and to probe similar pres-
sure levels (see Figure 7 & 12 in Lavvas & Koskinen (2017))
for HD189733b, thus one could expect similar line broaden-
ing. But comparing the absorption level (at similar band-
widths) for Na i shown by Wyttenbach et al. (2015) and
K i shown by KEL19, Na i probes ∼27 scale heights and so
much higher altitudes compared to K i which probes ∼13
scale heights, deviating a factor of ∼2 (assuming that the
same temperature region is probed). A roughly similar re-
sult is inferred comparing the LC of the non-broadened alkali
line profiles shown in the top panel of Figure 6. Hence, Na
seems to probe higher altitudes compared to K. However, if
Na probes higher temperature around TNa ∼ 2 × TK (and
therefore higher altitude level), the noted difference in scale
heights would be in agreement with the expectations. As the
atomic mass of K is ∼1.7 times larger than the atomic mass
of Na, the Na atoms may be lifted into the upper atmosphere
by hydrodynamic motion more easily than K atoms, explain-
ing the difference in altitude. However, advanced modelling
effort would be needed to proof this which is out of the scope
of this work.
If the Na i absorption probes much higher altitudes com-
pared to the K i absorption, this could indicate that some
mechanism is leading to a broadening to the absorption lines
with decreasing pressure level on HD189733b. This is also
suggested comparing the K i-absorption to other high resolu-
tion investigations regarding wind properties. In case of day-
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to night-side winds, the largest blue-shifts are found for the
lightest elements which probe the lowest pressure regimes
such as He-I (Salz et al. 2018) (-3.5 ± 0.4 km/s at the mid-
transit) up to the evaporating regime probed by the Ly-α
line (Lecavelier des Etangs et al. 2012), where probably evap-
oration plays also a significant role on such a shift. We find
no significant blue-shift of the resolved K i-line, where we
deduce a shift of 0.001 ±0.01 A˚ (∼ 0.04 ± 0.4 km/s). How-
ever, this can not exclude the presence of a day-to night-
side wind on HD189733b. This value is similar within 2σ
to the findings by Louden & Wheatley (2015), who found
a velocity shift of −1.9+0.7−0.6 km/s investigating the Na i-D-
lines. Brogi et al. (2016) used the CRIRES (CRyogenic high-
resolution InfraRed Echelle Spectrograph) instrument at the
VLT to investigate the different molecular absorption fea-
tures around 2.3 µm during the transit of HD189733b. The
authors also probe a lower day-to-night side wind of −1.7+1.1−1.2
km/s, which is also consistent within 2σ with our finding.
In case of rotational broadening, Brogi et al. (2016) state a
rotational velocity of vrot = 3.4+1.3−2.1 km/s, which would be
in agreement within 1σ with the broadening value needed
for the K i-line of ∼3.8 km/s. The results of Brogi et al.
(2016) have been confirmed by Flowers et al. (2019) analyz-
ing the same dataset applying 3D GCM (general circulation
model) simulations, also being in agreement with our broad-
ening values in sense of wind speed (see their Table 1) and
blueshift-values. As the molecular lines originate at lower
altitudes compared to the alkali-lines, this appears to be
consistent with the fact that some mechanism is producing
significant line broadening at low pressure levels. Compar-
ing the widths of the Na i-D-lines with the Hα-line (Cauley
et al. 2016), both features probe similar altitudes and show
similar large widths (Huang et al. 2017), strengthening this
picture.
Recently, Gebek & Oza (2020) compared the observa-
tional Na i-D-lines shown by Wyttenbach et al. (2015) for
HD189733b with synthetic transmission spectra computed
for different scenarios such as a hydrostatic atmosphere and
three evaporative scenarios being an escaping atmosphere,
an outgassed cloud sourced by an exomoon and a torus rep-
resenting circumplanetary material, showing a strong evi-
dence that these lines probe optically thin regions in the
atmosphere. Comparing the K-absorption by Keles et al.
(2019) with their scenarios, the best match is given by a
hydrostatic scenario probing an optically thick region. The
authors note, that their optically thin scenarios are very sen-
sitive to the planetary Na/K ratio, which can vary if this
differs from the stellar one. We aim to probe the planetary
Na/K ratio and compare this to the stellar Na/K abundance
ratio, which we derive in Appendix C. The inferred stellar
Na/K abundance ratio is log(Na/K) = ∼1.2 similar to the
solar value (Asplund et al. 2009). Although the exoplanet
could have undergone evolutionary processes changing its
Na/K ratio, we expect a similar Na/K ratio for HD189733b
which seems to be an appropriate assumption in the first or-
der (Lavvas et al. 2014). Note, that due to the extinction by
Earth’s atmosphere, high-resolution transit observations are
typically not suitable to determine absolute abundances of
atmospheric constituents. The continuum information usu-
ally gets lost due to re-normalization of the spectra and
becomes degenerate with the reference pressure level and
transit radius (Benneke & Seager 2012; Heng & Kitzmann
2017; Welbanks & Madhusudhan 2019), whereby under cer-
tain circumstances the degeneracies can be broken (see e.g.
Benneke & Seager (2012), Fisher & Heng (2018), Brogi &
Line (2019) or Welbanks & Madhusudhan (2019)). However,
the degeneracies cancel out (for the model assumptions used
in this work) deriving the ratio of the abundances, such as
the Na/K ratio, unless the temperature at which the lines
form is different. We roughly estimate the Na/K ratio by
comparing the upper panel of Figure 4 and Figure 5 assum-
ing that both features arise at the same atmospheric tem-
perature and use the abundance value for the best matching
model (i.e. the model with the lowest reduced χ2 value). For
the temperature range of 3400K - 5000K, we infer a plane-
tary Na i/K i ratio which is ∼ 20 - 400 times higher than the
stellar Na/K abundance ratio. Note, that if Na originates at
higher temperature than K, the planetary Na/K abundance
ratio will decrease to a lower level, down to the solar Na/K
abundance value. We emphasize here that the roughly esti-
mated Na/K values should be considered only as a hint that
the alkali lines may probe different atmospheric tempera-
ture regions, as the inferred Na/K ratio has large uncertain-
ties and relies on different assumptions (which we present
in Appendix B). Furthermore, such an increased abundance
ratio seems to be unlikely to be present either in the proto-
planetary disk or the atmosphere of the planet taking into
account primordial elemental abundances and alkali chem-
istry as discussed for the hot Jupiter HD209458b in Lavvas
et al. (2014), which also orbits a solar metallicity star. Fur-
thermore, a strong variation in the alkali abundances due to
depletion by e.g. by ionization processes as well as condensa-
tion processes seems to be unreasonable. Condensation for K
and Na would be expected below an atmospheric tempera-
ture of 1000 K for both species in a very similar way (Lavvas
& Koskinen 2017), where both alkalis can condense into var-
ious different solids and liquids. Likely candidates (see e.g.
(Marley et al. 2013)) are sodium sulfide (Na2S) and potas-
sium chloride (KCl). The former condenses around 900 K
in a solar metallicity atmosphere at 0.1 bar, while the lat-
ter requires slightly lower temperatures (about 720 K). For
a extended presentation of alkali chemistry we refer here
to Lavvas et al. (2014). In the case of photo-ionization, K
(∼4.34 eV) has only slightly lower ionization potential than
Na (∼5.14 eV) (Fortney et al. 2003; Barman 2007), making
also this process unlikely to be the reason for such a differ-
ence.
6 SUMMARY & CONCLUSION
We compared previously observed high resolution Na i
(Casasayas-Barris et al. 2017) and K i (Keles et al. 2019)
absorption in the atmosphere of HD189733b with synthetic
transmission spectra modeled for a variety of temperature
and abundance values. The comparison of the Na i-D-lines
shows that the observed Na i-D-line widths are much larger
than the modeled ones. The Na i-D-lines have to be broad-
ened by velocities in the order of ∼10 km/s to match the
observations if only rotational broadening is taken into ac-
count. To compare the K i-line with the synthetic transmis-
sion spectra, we used the previous high-resolution observa-
tion by KEL19 and resolved the K i-absorption from the
data. The K i-line profile shows a broadening comparable
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with the modeled synthetic line profiles, which is signifi-
cantly less in comparison to the Na i-D-lines. Comparing to
different investigations, there is a hint that the line widths
show stronger broadening with increasing altitude: Starting
from molecular absorption signature from the lower atmo-
sphere showing weak or even no significant broadening ef-
fects (Brogi et al. 2016), up to the slightly larger broadened
K i-line (this work) and even to higher altitudes where the
Na i-D-lines (Wyttenbach et al. 2015; Louden & Wheatley
2015; Barnes et al. 2016; Casasayas-Barris et al. 2017; Borsa
& Zannoni 2018; Seidel et al. 2020) and the Hα-line (Cauley
et al. 2016) show very large broadening. The same picture
is drawn comparing the wavelength shifts introduced by a
probably day-to night-side wind, which shows stronger blue-
shifts for the lines emerging at lower pressure levels. This
hints that the main K i-absorption may arise from lower al-
titudes than the Na i-absorption. Estimating the planetary
Na/K ratio and comparing this to the derived stellar Na/K
ratio, HD189733b would possess a very high super-solar at-
mospheric Na/K ratio if Na and K trace the same atmo-
spheric temperature for the model assumptions used in this
work. However, the derived Na/K ratio depends on several
assumptions and is such enhanced, that this scenario seems
to be very unlikely. In case that K traces lower altitudes at
a cooler temperature compared to Na, the planetary Na/K
ratio can coincide with the stellar Na/K ratio being in agree-
ment with other studies such as (Welbanks et al. 2019),
which seems to be a more likely scenario.
Another high resolution and high S/N transit observa-
tion, which covers the wavelength range of different atomic
and molecular species, would be needed to compare the
broadening mechanisms to avoid artifacts attributed to the
stellar activity, different instrumentation or even variable
weather conditions on the exoplanet.
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APPENDIX A: SYNTHETIC TRANSMISSION
SPECTRA
We compute theoretical transmission spectra by calculating
the effective tangent height and the wavelength-dependent,
apparent planetary radius with the Helios-o model as de-
scribed in Bower et al. (2019) or Gaidos et al. (2017). The
isothermal atmosphere is divided equidistantly in log(P) into
200 layers from 10 bar to 10−10 bar. The spectra are com-
puted at a constant resolution of 0.01 cm−1 in the wavenum-
ber range between 10,000 cm−1 and 20,000 cm−1.
The opacity sources that are included in the calcula-
tions are the collision-induced absorption of H2-H2 and H2-
He pairs, the D1 and D2 resonance lines of K i and Na i,
and molecular Rayleigh scattering of H2 and He. The line
strengths S for the Na i and K i resonance lines are obtained
via
S =
g2A21
8piν20Q
exp
(
− E1
kBT
) [
1 − exp
(
− hcν0
kBT
)]
, (A1)
where g2 is the statistical weight of the upper level,
A21 the Einstein A-coefficient, ν0 the wavenumber of the
transition, E1 the energy of the lower level, Q the partition
function, and T the temperature. The values for g2 and A21
are taken from Draine (2011), while E1 is zero because the
resonance lines are ground-level transitions. The line profile
is modeled by a Voigt profile, consisting of a Doppler core
and Lorentzian line wings, where the standard deviation of
the Doppler profile σD is given by
σD =
ν0
c
√
kBT
m
, (A2)
with the molecular mass of the species m. The Na i
and K i resonance lines are well known for possessing a
far-wing line profile that is non-Lorentzian (e.g. Burrows &
Volobuyev 2003; Allard et al. 2016). We approximate this be-
havior by using the analytic fits to the Burrows & Volobuyev
(2003) line profiles according to Baudino et al. (2015). We
note, however, that because of the strong aerosol scattering
slope, the far wings of these lines are practically invisible
and only the thermally-broadened Doppler cores are located
above the spectrum’s continuum level.
APPENDIX B: CAUTIONS ON THE
ESTIMATED PLANETARY NA/K
ABUNDANCE RATIO
The estimated planetary Na/K abundance ratio in this work
is based on different assumptions, which will be discussed
here. The temperature distribution at the terminator may
not be constant as expected from the isothermal profiles,
thus it can affect the abundance ratio, as the line cores form
at a much higher temperature than the line wings (Huang
et al. 2017). We estimate the Na/K ratio from the Figure 4
and Figure 5, where we introduced rotational broadening.
If the line broadening is a result of turbulences, the equiva-
lent width of the absorption lines is not conserved, thus the
line widths will be larger without an increase in line depth,
which will lead to overestimation of the Na/K abundance
ratio. Furthermore, the synthetic line profiles depend on the
functional form of the continuum which is determined by the
aerosol layer. Changing the functional form of the continuum
will also affect the results presented here. For instance, Wel-
banks et al. (2019) derived the atmospheric abundances of
Na and K for several planets and compared them to those
of their host stars. In this study, the authors investigated
also the planet HD189733b using HST data acquired with
the STIS instrument as presented by Sing et al. (2016). The
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authors infer similar stellar and planetary Na and K abun-
dances based on their retrieval analysis of these data. How-
ever, inspecting panel 15 on their Figure 2, the retrieval
results are based only on 2 data points around the K i-line,
resulting probably in a debatable conclusion. However, as
the derived planetary Na/K abundance ratio is much larger
than what would be expected, we only state the estimated
super-solar Na/K ratio on HD189733b as a hint that Na
and K may originate at different atmospheric regimes, as the
aforementioned effects have a strong impact on the result,
similar to non-LTE effects, which could also play a role. Note
that high resolution observations are not always described
well by simple theoretical models (such as the one employed
here) and mismatches between observational and modelled
line profiles can be found e.g. in Hoeijmakers et al. (2018)
and Hoeijmakers et al. (2019). While in those studies, the Fe
lines match extremely well with the theoretical predictions,
the Fe+ measurements, on the other hand, deviate by quite
a large degree. It is obvious, that the theoretical models
lack some of the physics to describe the spectral lines or the
chemical abundances in the very high atmosphere properly.
APPENDIX C: THE STELLAR NA AND K
ABUNDANCE RATIO
The metallicity of HD 189733 is known to be roughly
solar, according to previously published investigations,
and so is its Na abundance, e.g. [Na/H]=-0.04 ± 0.06,
[Fe/H]=-0.10 ± 0.03 (Montes et al. 2018). However, even if
the Na/K abundance ratio of HD189733 is expected to be
solar (Welbanks & Madhusudhan 2019), we could not find
similar abundance information about K. We decided there-
fore to derive an estimate of the stellar K abundance based
on the available PEPSI spectrum. For this purpose, we se-
lected the clean K i-line at 7699 A˚ and compared its pro-
file with synthetic spectra computed for a set of different
K abundances, A(K)2, between 4.5 and 5.5, centered on the
solar abundance of A(K)=5.03 ± 0.09 (Asplund et al. 2009).
The comparison is shown in the bottom panel of Figure C1.
The spectrum synthesis is based on a standard 1D
model atmosphere taken from the MARCS grid (Gustafs-
son et al. 2008) with parameters Teff = 5000 K, log g =
4.5, [Fe/H]=0.0, and ξmicro = 1.0 km/s, which represents
HD 189733 reasonably well (cf. stellar parameters compiled
by Southworth 2010). This model atmosphere was then used
by the line formation code Turbospectrum3 (Plez 2012) that
generates synthetic line profiles for a given set of atomic pa-
rameters characterizing the spectral line in question. The
atomic line data were taken from the VALD3 database4
(Ryabchikova et al. 2015, and updates), including updated
pressure broadening constants.
Comparing observed and synthetic line profiles, we no-
tice that the line cores of the synthetic spectra are too shal-
low. This presumably indicates that the assumption of LTE
(Local Thermodynamic Equilibrium) is not a valid approx-
imation in the core of this rather strong K i-line (line depth
d > 0.8). However, we may assume that the wings of the line,
2 A(X)= log(N(X)/N(H))+12
3 ttps://github.com/bertrandplez/Turbospectrum2019
4 http://vald.astro.uu.se/
where d < 0.2, form in LTE conditions and can be used to
estimate the K abundance from a comparison with the syn-
thetic LTE spectra. The best match of the wings is found
for A(K)=5.1 ± 0.1. This result is fully consistent with the
expectation that HD 189733 has a solar K abundance. As
a sanity check, we have performed the same exercise with
the Na-line at 8194 A˚. The comparison is shown in the top
panel of Figure C1. Also, in this case, the observed line core
is much deeper than the model results, for the same reason
responsible for the mismatch in the K i-line discussed above.
Fitting the line wings, we deduce A(Na)=6.2 ± 0.1, which
is fully consistent with the solar photospheric abundance of
A(Na)=6.24 ± 0.04 (Asplund et al. 2009). We conclude that
the stellar Na/K abundance ratio is indistinguishable from
solar, N(Na)/N(K) ≈ 16.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure C1. Comparison of Na-line at 8195 A˚ (top) and the 7699 A˚ K i-line (bottom) from PEPSI spectra with the spectrum synthesis
model based on a standard 1D model atmosphere. ”A” denotes the logarithmic abundance value.
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